Abstract. Damage to the recurrent laryngeal nerve often causes hoarseness, dyspnea, dysphagia, and sometimes asphyxia due to vocal cord paralysis which result in a reduction of quality of life. Brain-derived neurotrophic factor (BDNF) and glial cell line-derived neurotrophic factor (GDNF) play critical roles in peripheral nerve regeneration. However, methods for efficiently delivering these molecules are lacking, which limits their use in clinical applications. The present study reports an effective strategy for targeting BDNF and GDNF to laminin by fusing the N-terminal domains of these molecules with agrin (NtA). More specifically, laminin-binding efficacy was assessed and sustained release assays of the delivery of BDNF or GDNF fused with NtA (LBD-BDNF or LBD-GDNF) to laminin were conducted in vitro. In addition, the bioactivity of LBD-BDNF and LBD-GDNF on laminin in vitro was investigated. LBD-BDNF and LBD-GDNF were each able to specifically bind to laminin and maintain their activity in vitro. Moreover, neurotrophic factors with NtA retained higher concentrations and bioactivity levels compared with those without NtA. The ratio of LBD-BDNF and LBD-GDNF that produced optimal effects was 4:6. BDNF and GDNF fused with NtA were effective in specifically binding to laminin. As laminin is a major component of the extracellular matrix, LBD-BDNF and LBD-GDNF may prove useful in the repair of peripheral nerve injuries.
Introduction
The recurrent laryngeal nerve (RLN) can be damaged during surgery of the head and neck (1) . One of the most significant symptoms of damage to this nerve is incomplete glottic closure, which can profoundly decrease quality of life (2) . Medialization procedures are commonly carried out to treat unilateral vocal fold palsy, solely fulfilling vocal fold medialization by static changes in the laryngeal framework (3) . Neurological impairment can be compensated for by the regeneration of peripheral nerves. However, experimental and clinical evidence has shown that, particularly after severe injuries, regenerative ability is usually limited with unsatisfactory results (1, (4) (5) (6) . Thus, in order to improve recovery following nerve injury, one therapeutic option is to use natural stimulatory reagents, such as neurotrophic factors.
Neurotrophic factors are able to enhance nerve regeneration, and therefore may be useful as a molecular therapy. Among all neurotrophic factors, brain-derived neurotrophic factor (BDNF) and glial cell line-derived neurotrophic factor (GDNF) play critical roles. BDNF promotes angiogenesis and neural regeneration, as well as modulates local inflammatory processes (7) . GDNF has been shown to boost nerve regeneration after injury and exerts survival-promoting effects on motor neurons in vivo and in vitro (8) (9) (10) (11) . However, in practice, a large proportion of neurotrophic factors are diffused away from the site of injury; thus, it is difficult to retain effective concentrations of such factors due to their rapid diffusion in extracellular fluids. One solution to this problem is repeated injections of neurotrophic factors to the injured sites so that therapeutic concentrations can be obtained; however, this strategy poses unnecessary risks and costs (12) . Thus, the discovery of a better approach for targeting neurotrophic factors to wound sites is imperative (13) .
One method of overcoming the diffusion of neurotrophic factors is by taking advantage of their binding affinity to certain molecules. In doing so, these factors can be immobilized at the site of injury. The glycoprotein, laminin, appears to be an appropriate material for targeting damaged sites because it is a major component of the extracellular matrix (ECM) and is biocompatible (13 (14, 15) . Following injury to the PNS, laminin is upregulated and promotes axonal regeneration (16, 17) . It has been reported that BDNF has an affinity for laminin, but this affinity is low; more than half of BDNF bound to laminin is quickly released within the first day of injury (13) . Thus, the native affinity of BDNF for laminin appears to be insufficient for therapeutic purposes. Previous studies have demonstrated that the N-terminal domain of agrin (NtA) has a high affinity to laminin (18) . Making use of this so-called laminin-binding domain (LBD), a tripartite fusion protein, which included a six-histidine purification tag, LBD, and the sequence of native BDNF or GDNF was made in the present study. Thus, the two fusion proteins that resulted were named LBD fused BDNF (LBD-BDNF) and LBD fused GDNF (LBD-GDNF). A native BDNF and GDNF without NtA, designated NAT-BDNF and NAT-GDNF, respectively, were prepared as controls. The overall aim of this study was to utilize laminin as a binding target so that a delivery system could be constructed to maintain neurotrophic factor concentrations within certain regions of interest.
Materials and methods
Preparation of recombinant proteins. LBD-BDNF was prepared as previously described (13) , and LBD-GDNF was constructed in an analogous manner. GDNF DNA, extracted from the rat cell line PC12 [purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China)], was amplified by polymerase chain reaction (PCR) with a KOD Plus polymerase kit (Toyobo Co., Ltd., Osaka, Japan). Primer sequences used were as follows: Forward, GGT AGC GGC AGC GGT AGC ACA TGC CCG GAG CGC GCG CTG; reverse, TAC TCG AGT CAG ATA CAT CCA CAC CTT TTAG. Reaction conditions for PCR were as follows: Initial denaturation, 95˚C for 5 min; 30 cycles of denaturation at 95˚C for 30 sec, annealing at 60˚C for 30 sec and extension at 68˚C for 30 sec; followed by a final extension at 68˚C for 5 min. and inserted into the vectors, pET-LBD and pET-28a (Novagen; EMD Millipore, San Diego, CA, USA). Escherichia coli BL21 (DE3) (Biovector Science Lab, Inc., Beijing, China) was then transformed with the vectors, and proteins were induced with 1 mM isopropyl β-D-thiogalactopyranoside (IPTG) at 37˚C for 5 h. Proteins were accumulated in inclusion bodies, and purification of the solubilized proteins was performed under denaturing conditions by nickel chelate chromatography, using imidazole-containing buffer, with a HiTrap Chelating High Performance column and an AKTA fast protein liquid chromatography system (Amersham; GE Healthcare, Uppsala, Sweden). The purity of the recombinant proteins was analyzed by 15% (wt/vol) sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), by which 20 µg of protein was separated and stained with Coomassie brilliant blue solution (Beyotime Institute of Biotechnology, Haimen, China) for 1 h, then washed in saline, or transferred to a PVDF membrane. This was followed by a block in 5% milk solution, then western blotting with a mouse antibody against polyhistidine (cat. no. ab18184; 1:2,000 dilution; Abcam, Cambridge, UK). This was subsequently incubated with horseradish peroxidase-conjugated goat anti-mouse antibody (cat. no. ab97040; 1:8,000 dilution; Abcam) for 2 h at room temperature, following which bands were visualized with enhanced chemiluminescence reagent (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Purified proteins were then dialyzed in a glutathione redox-refolding system by a chromatographic method (19) and stored at -80˚C.
In vitro laminin-binding assay. In order to measure laminin binding capacity, a modified enzyme-linked immunosorbent assay (ELISA) technique was employed in which laminin (Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) was added to 96-well plates (Costar). The plates were then incubated at 4˚C for 24 h, and ventilated to dry. After washing the plates with phosphate-buffered saline (PBS; pH 7.3) five times, the plates were blocked with 2.5% (wt/vol) bovine serum albumin (Wuhan Boster Biological Technology, Ltd.-Wuhan, China) containing 0.1% (vol/vol) Tween 20 at 37˚C for 2 h. The four recombinant proteins with increasing concentrations (0-4 µM) were added to the plates (100 µl/well) and incubated at 37˚C for 2 h. The plates were then washed five times with PBS to remove redundant proteins. Proteins bound to laminin were tested using mouse antibody against polyhistidine (cat. no. H1029; 1:1,000 dilution; Sigma-Aldrich) for 1 h at 37˚C, followed by goat antibody to mouse IgG (alkaline phosphatase-conjugated; cat. no. P7998; 1:10,000; Sigma-Aldrich) for 1 h at 37˚C. Bound proteins were detected using the alkaline phosphatase (AP) reaction with para-nitrophenylphosphate (pNPP; Sigma-Aldrich) in AP buffer (pH 9.6) for 15 min at 37˚C; this reaction was stopped using 3 M NaOH. Optical density at 405 nm (OD405) was quantified using an ELISA reader (Molecular Devices, LLC, Sunnyvale, CA, USA).
In vitro laminin releasing assay. Laminin loaded with 1.5 µmol/l NAT-BDNF or LBD-BDNF or 3 µmol/l NAT-GDNF or LBD-GDNF was placed in a 48-well plate. Laminin suspension was induced by the addition of 500 µl PBS and incubation on a rocking platform (37˚C, 80 rpm). PBS was changed every 24 h, and at days 0-7, samples were collected and the four proteins retained on the laminin were analyzed using the ELISA assay.
In vitro bioactivity assay. The biological activity of NAT-BDNF, LBD-BDNF, NAT-GDNF and LBD-GDNF was measured by neurite outgrowth and survival of PC12 cells (20) . A density of 3x10 3 cells/well was seeded in polylysine-treated 96-well plates (Costar) and cultured in serum-free RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C for 1 h. Increasing concentrations of NAT-BDNF, LBD-BDNF, NAT-GDNF or LBD-GDNF (0-800 ng) were then added to the plates. After 24 h of culture, the percentage of cells with neurites and the neurite length/ cell diameter ratio of cells containing neurites were determined. The number of surviving cells was determined using a Cell Counting kit (CCK)-8 assay (Dojindo, Kumamoto, Japan) after 48 h of culture. Cells cultured under identical conditions without recombinant proteins served as a control. The results were evaluated in duplicate by two independent researchers.
In vitro bioactivity assay on laminin. Recombinant proteins were separately added to a 96-well plate coated with laminin and incubated at 4˚C for 12 h. Plates were then washed three times to remove any unbound BDNF or GDNF. PC12 cells were seeded at a density of 3x10 3 cells/well under the same conditions as described in the in vitro bioactivity assay. After 24 h of incubation, the cells were observed using phase contrast microscopy (Olympus Corporation, Tokyo, Japan), and the percentage of cells with neurites and length neurite/diameter of cells containing neurites were calculated. The number of surviving cells was examined using a CCK-8 assay after 48 h of culture. For controls, cells were cultured under the same conditions but without recombinant proteins.
Bioactivity of different proportions of LBD-BDNF and LBD-GDNF on laminin in vitro.
Different proportions of LBD-BDNF and LBD-GDNF (1:4, 2:3, 3:2 and 4:1) were added to a 96-well plate coated with laminin, with the total protein added equaling 1,000 ng. The remainder of the steps were carried out as previously described in the bioactivity assay on laminin. Blank controls were manufactured using the abovementioned conditions, with the exception that one of the fusion factors was omitted.
Cytoskeletal staining. Different proportions of LBD-BDNF and LBD-GDNF (1:4, 2:3, 3:2 and 4:1) were added to a confocal dish coated with laminin. PC12 cells were seeded at a density of 3x10 3 under the same conditions as described in the bioactivity assay on laminin. The cells were washed three times with PBS and fixed with 4% paraformaldehyde for 2 h at room temperature. Cells were then incubated with 0.5 µg/ml FITC-phalloidin (Sigma-Aldrich) for 20 min, followed by three washes with 0.3% Triton X-100. In order to identify cell nuclei, 0.1 µg/ml 4',6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) staining was used. Finally, after three washes in PBS to remove unbound DAPI, cells were observed using confocal fluorescent microscopy (Olympus Corporation).
Statistical analysis. All data were summarized as the mean value ± standard deviation. A student's t-test was performed to analyze paired samples and one-way analysis of variance was performed to analyze multiple comparison procedures using Statistical Package for the Social Sciences (SPSS) version 20.0 software (IBM SPSS, Armonk, NY, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

Fusion protein structures.
The functional modules of NAT-BDNF, NAT-GDNF, LBD-BDNF and LBD-GDNF are shown in Fig. 1 . After being induced by IPTG, the recombinant proteins were expressed, and identified by western blot analysis (Fig. 2) .
LBD-BDNF and LBD-GDNF bind to laminin and exhibit sustained released in vitro.
The binding of NAT-BDNF, LBD-BDNF, NAT-GDNF and LBD-GDNF to laminin was measured in vitro through a modified ELISA technique. From the results, it was concluded that the OD405 of neurotrophic factors with NtA (the LBD) was significantly higher than that of neurotrophic factors without NtA at each indicated point. These findings demonstrate that the retention of neurotrophic factors with NtA on laminin was significantly greater than that of neurotrophic factors without NtA (n=6, P<0.05; Fig. 3 ). Thus, LBD-BDNF and LBD-GDNF could specifically bind to laminin, and factors with NtA possessed stronger laminin-binding capacity.
In the in vitro release experiment, sustained release of neurotrophic factors was assessed for 7 days (Fig. 4) . It was found that NAT-BDNF and NAT-GDNF were quickly released on day 1, whereas LBD-BDNF and LBD-GDNF were gradually released from day 1 to day 7. During the 7 days, the quantities of LBD-BDNF and LBD-GDNF retained on laminin were significantly greater than those of NAT-BDNF and NAT-GDNF, respectively (n=6, P<0.05). At day 7, the percentage of NAT-BDNF and NAT-GDNF released from laminin was ~87 and 93%, respectively, whereas the percentage of LBD-BDNF and LBD-GDNF released from laminin was ~57 and 60%, respectively. These results suggest that neurotrophic factors with a LBD can be retained on laminin for a longer time in vitro than those without.
LBD-BDNF and LBD-GDNF maintain higher bioactivity on laminin in vitro.
PC12 cells were used to test the bioactivity of NAT-BDNF, LBD-BDNF, NAT-GDNF and LBD-GDNF. Fig. 5A shows PC12 cells cultured under general conditions, while Fig. 5B shows cells cultured with LBD-BDNF. PC12 cells were observed after 48 h incubation, and it was determined that the four factors significantly promoted neurite outgrowth and neuronal survival (Fig. 6) , while there was no significant difference between them at each concentration (Fig. 6 ). This implies that the fusion of neurotrophic factors with a LBD moiety did not impair the inherent activity of BDNF or GDNF. The bioactivities of BDNF and GDNF on laminin were then measured in vitro (Fig. 7) . When neurotrophic factors were incubated in laminin-coated wells and PC12 cells were plated, a significant difference in growth promotion (the percentage of cells with neurites) compared with controls was observed ( Fig. 7A and B) . Greater numbers of living cells and longer neurites were also found for the neurotrophic factors with the LBD NtA (n=6, P<0.05; Fig. 7C-F) . LBD-BDNF and LBD-GDNF maintained higher bioactivities, as well as greater concentrations on laminin than did the native controls. These results suggest that LBD-BDNF and LBD-GDNF can target laminin, and that these fusion proteins could be useful in nerve injury repair. Furthermore, when the ratio of LBD-BDNF and LBD-GDNF was 4:6, the ability to promote neurite growth was superior to that of the other ratios examined (Fig. 8) .
Cytoskeletal staining. As shown in Fig. 9 , the cytoskeleton, nucleus and neurites of the PC12 cells are clearly presented. Although the entire cell skeleton cannot be visualized, the featured images were chosen for their clear presentations of the neurites. After combining LBD-BDNF and LBD-GDNF, a greater effect was observed than when they were applied separately. Through these results, it may be concluded that when the ratio of mixing of LBD-BDNF and LBD-GDNF was 4:6, their ability to promote growth was superior to that at other ratios, demonstrating a synergetic effect (Fig. 8) .
Discussion
Peripheral nerve injury often causes a loss of function, and the current gold standard for repairing such damage is autologous nerve grafting (21) . However, the clinical application of autologous nerve grafting is hampered due to limited donor sites, extra incisions required, and a possible loss of function at the donor site (21) . One potential therapeutic strategy that could address these issues is the application of natural stimulatory factors, such as neurotrophic factors, to the site of injury. Neurotrophic factors are produced by organisms to promote neural cell survival, growth and differentiation. Neurotrophic factors are not only able to reduce nerve degeneration and prevent the progression of disease, but are also able to stimulate axonal growth and promote functional regeneration (22) . Researchers have studied several fusion neurotrophic factors, including native human nerve growth factor (NGF)-β fused with a collagen-binding domain (CBD) (23) (24) (25) , fibronectin fused with CBD (26), BDNF fused with CBD (7,27-32), NGF-β fused with LBD (20) , ciliary neurotrophic factor fused with LBD (33) , and BDNF fused with LBD (13); however, to the best of our knowledge, to date there have been no studies investigating an LBD-GDNF fusion protein.
BDNF and GDNF play important roles in the repair of nerve injury. However, it is difficult to retain them at injury sites because they easily diffuse. In order to maintain active concentrations, previous studies have employed multiple injections, adenoviral vectors overexpressing BDNF or GDNF, or fusion proteins such as CBD-BDNF and LBD-BDNF (3,7,13,34,35) . However, the risk of surgery, immunological rejection, and 
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costs with these methods would all be increased. Moreover, the presence of redundant neurotrophic factors could cause adverse effects (7). Laminin, a critical component of the ECM in the PNS, has been shown to affect neuronal behavior, including migration, neurite outgrowth, proliferation, and central synaptic differentiation (20, 36) . A previous study has shown that LBD-BDNF can support marked neuroprotective function following middle cerebral artery occlusion (13) . Therefore, in an attempt to retain neurotrophic factors at the site of injury and enhance nerve regeneration, laminin was chosen as a target for BDNF and GDNF in the present study. Whether LBD-BDNF and LBD-GDNF had synergistic effects was also evaluated.
Agrin is a synapse organizer that promotes acetylcholine receptor clustering at the neuromuscular junction. Research has shown that NtA has high affinity with the coiled-coil domain of laminin (18) . Thus, in order to target BDNF and GDNF to laminin, NtA was fused to the two neurotrophic factors to create LBD-BDNF and LBD-GDNF in the present study. As expected, compared with NAT-BDNF and NAT-GDNF, LBD-BDNF and LBD-GDNF presented comparable laminin-binding Next, PC12 cells were used for evaluating the bioactivities of LBD-BDNF and LBD-GDNF through neurite outgrowth and the CCK-8 assay. The results showed that LBD-BDNF and LBD-GDNF maintained the bioactivities of BDNF and GDNF. Additionally, neurotrophic factors with NtA retained higher concentrations and bioactivities compared with those without NtA. It may be concluded that this was due to a difference in laminin-binding affinity between these proteins. Further, these findings showed that NtA enabled BDNF and GDNF target laminin.
Finally, LBD-BDNF and LBD-GDNF were mixed together in varying ratios to detect which ratio of mixing was the most conducive for the growth of PC12 cells. Optimal results were observed when LBD-BDNF and LBD-GDNF were mixed in a ratio of 4:6. Moreover, it was found that a mixture of LBD-BDNF and LBD-GDNF promoted the growth of PC12 cells to a greater extent than the use of either LBD-BDNF or LBD-GDNF alone at the corresponding concentration.
The present in vitro experiments clearly showed that these fusion proteins had certain advantages over native ones. Thus, the above findings provide evidence for the use of fusion proteins to immobilize a molecule, such as BDNF or GDNF, on a laminin-coated surface.
There are many methods for the application of exogenous neurotrophic factors; however, it appears that the most effective approaches for maintaining the survival of motor neurons and promoting their axonal regeneration is via routes that ensure sufficient concentrations and the continuous function of neurotrophic factors. The disadvantages of locally injecting neurotrophic factors include poor outcome, short-lived benefits, and side effects (30) . If the administration of such factors could be controlled effectively and accurately at the injured area, they could be more safe and effective. In addition, there are few studies that have reported on the application of neurotrophic factors to regeneration of the RLN. Further basic research and advancements in the clinical development of RLN repair technology should allow for a better understanding of this approach. Moreover, clinical and basic research of the administration of neurotrophic factors via this technology is likely to promote the treatment of RLN injury and other diseases of the nervous system. In summary, in the current study, the efficacy of a laminin-targeting peripheral nerve injury repair system was evaluated. It was found that this system maintained high concentrations and bioactivities of neurotrophic factors when compared with non-targeted controls. Moreover, when the ratio of mixing of LBD-BDNF and LBD-GDNF was 4:6, the ability of these factors to promote growth was superior to the combination of these factors in other ratios; this finding might be important when developing therapeutic strategies for repairing peripheral nerve injury.
